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O objetivo neste estudo foi analisar diferentes fontes de luz e 
fotoiniciadores e sua influência nas propriedades físicas e térmicas e na 
resistência da união (RU) de compósitos odontológicos experimentais contendo 
diferentes fotoiniciadores. Um compósito experimental contendo uma mistura de 
BisGMA, UDMA, BisEMA, TEGDMA e 65% em peso de partículas de carga 
silanizadas foi preparado com o uso dos fotoiniciadores CQ (Canforoquinona) e 
PPD (1-Fenil-1,2-Propanodiona). O co-iniciador usado foi a amina terciária dimetil 
amino etil metacrilato (DMAEMA). As fontes de luz utilizadas foram uma lâmpada 
halógena (XL 2500-3M/ESPE) e duas de diodo emissor de luz - LED (UltraBlue IS-
DMC e UltraLume LED 5-UltraDent). A mensuração da irradiância e do espectro 
de luz emitido pelos aparelhos foi realizada por meio de medidor de potência e 
espectrômetro (USB 2000), respectivamente. A curva de absorção dos 
fotoiniciadores foi aferida por um espectrofotômetro (Varian Cary 5G). As 
propriedades físicas e térmicas do material foram analisadas em Espectroscopia 
de Infravermelho Transformada de Fourier (FTIR), análise Termogravimétrica 
(TGA), análise Termo-Dinâmica-Mecânica (DMA), resistência à compressão (RC), 
resistência à compressão diametral (RCD) e módulo diametral (MD). Para o teste 
de RU, push-out foi realizado em cavidades cônicas preparadas em noventa 
incisivos bovinos. Porém, antes da realização do teste push-out, a dureza Knoop 
(DK) foi mensurada no topo e na base das restaurações. O monitoramento (tempo 
real) da reação de polimerização foi realizado utilizando FTIR (Prestige21) e o 
grau de conversão (GC) para cada segundo foi calculado e curvas GC x tempo 
obtidas. A taxa de conversão (TC) foi avaliada por meio de ajuste das curvas, 
utilizando regressão não-linear (Hill – 3 parâmetros). Todos os resultados (GC, 
TGA, DMA, RC, RCD, MD, DK e RU) foram submetidos à análise de variância dois 
fatores e as médias comparadas pelo teste de Tukey (5%). De acordo com os 
resultados de FTIR, que avaliou o DC (%), quando os compósitos foram 
fotoativados pelos LEDs, não existiu diferença nos valores de GC. Porém, quando 
o XL 2500 foi usado, o compósito com PPD mostrou valores de GC menores que 
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os com CQ. Não existiram diferenças nas propriedades mecânicas (RC, RCD e 
MD) entre os compósitos quando fotoativados por qualquer fonte de luz. A análise 
termogravimétrica (TGA), usada para confirmar a quantidade de partículas de 
carga e a porcentagem de monômero residual, não mostrou nenhuma diferença 
estatisticamente significante desses dois fatores, independentemente do 
fotoiniciador ou fonte de luz utilizada. A análise Termo-Dinâmica-Mecânica (DMA) 
analisou a temperatura de transição vítrea (Tg) e a rigidez do material a 37°C. De 
acordo com os resultados, o fotoiniciador PPD e a fonte de luz UltraLume LED 5 
produziram polímeros com maior densidade de ligações cruzadas, pois 
apresentaram os maiores valores de Tg. Nenhuma diferença foi encontrada na 
rigidez a 37°C. A avaliação da cinética e taxa de polimerização mostrou que o 
PPD produz reação de polimerização mais lenta, levando a maiores valores de 
RU. Os valores de DK mostraram que XL 2500 produziu os maiores valores tanto 
no topo como na base das restaurações, exceto para a fotoativação do PPD, que 
mostrou resultados de DK inferiores no topo das restaurações. Em geral, UltraBlue 
IS e UltraLume 5 não apresentaram diferenças entre si. Dessa forma, pode-se 
concluir que o PPD mostrou potencial para a iniciação da reação de 
polimerização, pois apresentou propriedades semelhantes às da CQ, aumentando 
a RU entre dente/restauração. Os LEDs, principalmente o UltraLume 5, 
produziram valores de GC semelhantes para todos os compósitos, enquanto o 
QTH produziu maior conversão para a CQ, comparado ao PPD.  
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The aim of this study was to analyze the spectrum of different light-
curing units (LCUs) and photo-initiators and yours influence in the physical and 
thermal properties and bond strength (BS) of experimental resin composites with 
different photo-initiators. A blend with BisGMA, UDMA, BisEMA, TEGDMA and 65 
wt% of silanated filler particles was prepared with CQ (Camphorquinone) and PPD 
(1-phenyl-1,2-propanedione) photo-initiator. Dimethylaminoethyl methacrylate 
(DMAEMA) was used as co-initiator. One quartz-tungsten-halogen - QTH (XL 
2500, 3M/ESPE) and two light-emitting diode (LED) LCUs (UltraBlue IS, DMC and 
UltraLume LED 5, Ultradent) were used for photo-activation procedures. Irradiance 
(mW/cm²) was calculated by the ratio of the output power by the area of the tip, 
and spectral distribution with a spectrometer (USB 2000). The absorption curve of 
each photo-initiator was determined using a spectrophotometer (Varian Cary 5G). 
The physical and thermal properties were analyzed through of Fourier transformed 
infra-red spectroscopy (FTIR), thermogravimetric analysis (TGA), dynamic 
mechanical analysis (DMA), compression strength (CS), diametral tensile strength 
(DTS) and diametral modulus (DM). For BS, push-out test was accomplished in 
prepared conical cavities in ninety incisive bovine. However, before the 
accomplishment push-out test, Knoop hardness (KH) was made in the top and 
botton of the restorations. The real-time polymerization of the experimental resins 
was evaluated by Fourier transform infrared spectroscopy (Prestige21) and the 
degree of conversion (DC) for each second was calculated and a curve DC x time 
obtained. The rate of polymerization (RP) was calculated considering data fitting 
and Hill's 3 parameter non-linear regressions were used. The all results obtained 
(DC, TGA, DMA, CS, DTS, DM, KH and BS) were evaluated using a two-way 
analysis of variance (ANOVA) and Tukey's test (5%). The FTIR results, which 
analyzed the DC (%), when the resin composites were photo-activated with the 
LEDs LCUs, there aren't differences in the DC values. However, when XL 2500 
was used for photo-activation, the PPD-containing resins showed lower DC values 
that CQ-containing resins. There are not differences in the mechanical properties 
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(CS, DTS and DM) among the composite resins, regardless LCU used. The TGA, 
used to confirm the weight percent filler and the lost residual monomer (%) in each 
composite resin, didn't show any difference, regardless photo-initiator or LCU used. 
The DMA analyzed the glass transition temperature - Tg (°C) and the storage 
modulus (E' - MPa) in 37°C. In agreement with the results, the photo-initiator PPD 
and the UltraLume LED 5 LCU produced polymers with higher cross-link density, 
because they presented the highest Tg values. No difference was found in the E' in 
37°C. The evaluation of the kinetics and rate of polymerization showed that PPD 
produces a slower reaction of polymerization, taking to highest BS values. The KH 
values showed that XL 2500 produced the highest values in the top and botton of 
the restorations, except for PPD, that showed lower KH values in the top of the 
restorations. In general, UltraBlue IS and UltraLume 5 didn't present differences 
amongst themselves. In that way, it can be concluded that PPD showed potential 
for the initiation of the polymerization reaction, because it presented similar 
properties to CQ; however it increased the BS between tooth/restoration. The 
LEDs, mainly the UltraLume 5, produced similar DC values for all composite 
resins, while QTH produced higher conversion for CQ, compared to PPD. 
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Os primeiros compósitos utilizados em Odontologia eram 
comercializados em duas pastas que, ao serem misturadas, iniciavam o processo 
de polimerização. Nesse caso, o sistema ativador-iniciador presente na matriz 
orgânica para induzir ao processo de polimerização era o peróxido de benzoíla 
(iniciador) e uma amina terciária (ativador). Porém, esses compósitos com esse 
tipo de sistema ativador-iniciador, possuíam inúmeras desvantagens como: 
instabilidade de cor, incorporação de ar durante a espatulação, propriedades 
mecânicas reduzidas e tempo de trabalho curto (Allen, 1996; Ruyter & Øysæd, 
1982). 
 
 No início da década de 70, esse tipo de compósito, também conhecido 
como quimicamente ativado, começou a ser substituído pelos compósitos ativados 
pela luz, ou simplesmente, fotoativados. Os compósitos fotoativados possuem um 
fotoiniciador que absorve luz em determinados comprimentos de onda e geram 
radicais livres. No entanto, os primeiros produtos eram fotoativados por luz 
ultravioleta. Este tipo de fonte de luz oferecia riscos à visão, tanto do operador 
quanto do paciente e proporcionavam propriedades físicas e mecânicas 
insatisfatórias ao compósito (Blankenau et al., 1983; Cook, 1986; Stansbury, 
2000). Como conseqüência, foi desenvolvido um sistema de compósito ativado por 
luz visível, que absorvia luz no comprimento de onda em torno de 470 nm. Este 
apresentava vantagens quando comparado com seu antecessor, como 
polimerização em maior profundidade, maior resistência à compressão e fonte de 
luz mais segura (Cook, 1985; Ruyter & Øysæd, 1982).  
 
Dessa forma, os compósitos atuais são fotoativados por luz visível, 
dentro da faixa azul do espectro (entre 400 – 500 nm), e utilizam geralmente uma 
di-cetona como fotoiniciador: a Canforoquinona (CQ), que necessita de uma 
molécula co-iniciadora para a geração de radicais livres. (Taira et al., 1988; 
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Krishnan & Yamuna, 1998; Neumann et al., 2005). Após a absorção de luz entre 
os comprimentos de onda de 400 a 500 nm (com uma máxima absorção em 470 
nm), a CQ é promovida a um estado excitado chamado “triplet”, o qual pode 
interagir com uma molécula doadora de elétrons/prótons, como uma amina 
terciária, e gerar radicais livres. Por essa razão, um agente redutor é adicionado 
às resinas compostas ativadas pela luz visível. Dos diferentes agentes redutores 
ou co-iniciadores, os mais reativos são as aminas terciárias, seguidas das aminas 
secundárias, enquanto as aminas primárias são pouco reativas (Cook, 1992; Allen, 
1996; Rueggeberg, 1999; Stansbury, 2000; Neumann et al., 2006). 
 
Apesar da maioria dos atuais compósitos odontológicos utilizar a CQ 
como o fotoiniciador de escolha, sistemas fotoiniciadores baseados na 
combinação CQ-Amina, apresentam muitas desvantagens. Embora usada em 
pequenas quantidades, a inerente coloração amarelada da CQ influencia 
significantemente na coloração dos compósitos (Cook 1985; Park et al., 1999; 
Neumann et al., 2005; Ogunyinka, 2007). As aminas, também causam influências 
na coloração dos compósitos. Além disso, as aminas também possuem um 
conhecido efeito tóxico e mutagênico. Outra característica, é que em ambientes 
com condições agressivas, como em adesivos auto-condicionantes que possuem 
baixo pH, o sistema CQ-Amina pode sofrer degradação e resultar em 
polimerização retardada ou insuficiente (Ilie N e Hickel R, 2008).   
 
Atualmente, alguns compósitos, especialmente nas cores mais claras e 
os utilizados para a restauração de dentes clareados, utilizam sistemas 
fotoiniciadores ou co-iniciadores alternativos como o PPD (Fenil Propanodiona), 
Lucirin TPO (Óxido mono-alquil fosfínico) e o BAPO (Óxido bis-alquil fosfínico). 
(Park et al., 1999; Sun & Chae, 2000; Asmussen & Peutzfeldt, 2002; Emami & 
Soderholm, 2005; Neumann et al., 2006; Ogunyinka et al., 2007). No entanto, 
diferentemente da canforoquinona, estes fotoiniciadores são ativados por 
comprimentos de onda menores, localizados na região UV-Vis (Ultra Violeta-
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Visível), o qual pode não co-relacionar com os comprimentos de onda emitidos 
pelas atuais fontes de luz (Stansbury, 2000; Neumann et al., 2005). Como o 
espectro de emissão de uma fonte de luz possui forte influência no desempenho 
de fotoativação, especialmente quando diferentes sistemas de fotoativação são 
comparados (Uhl et al., 2003; Uhl et al., 2004), os fotoiniciadores CQ e PPD são 
preferidos, pois possuem maior correlação com as fontes de luz atualmente 
utilizadas na Odontologia. Esse fato possui grande importância, pois muitas das 
propriedades exibidas por um compósito fotoativado são dependentes da 
correlação entre a distribuição do espectro emitido pela fonte de luz e a máxima 
absorção pelo fotoiniciador (Stahl et al., 2000; Neumann et al., 2005; Neumann et 
al., 2006; Schroeder, 2007). 
 
Os aparelhos fotoativadores que emitem luz visível e que foram os mais 
utilizados nas três últimas décadas são compostos de lâmpadas de quartzo-
tungstênio-halogênio (também conhecidas como lâmpadas halógenas). Estas 
lâmpadas consistem de um filamento de tungstênio conectado a eletrodos, o qual, 
permitindo o fluxo da eletricidade, gera luz e calor (Rueggeberg, 1999; Bennett & 
Watts, 2004; Alonso et al., 2006). As lâmpadas de quartzo-tungstênio-halogênio 
emitem luz branca que, ao passar por filtros específicos, selecionam determinadas 
regiões do espectro eletromagnético. Desta forma, apenas a região azul do 
espectro é selecionada para a fotoativação do compósito odontológico 
(Rueggeberg, 1999; Bennett & Watts, 2004), tendo em vista ser esta a região de 
absorção da canforoquinona. 
 
Relativamente novos no mercado e mais utilizados hoje em dia para a 
fotoativação dos compósitos odontológicos, os aparelhos que utilizam luz emitida 
por diodos (LEDs) foram desenvolvidos inicialmente para a fotoativação de 
compósitos restauradores que utilizam a CQ como fotoiniciador (Kurachi et al., 
2001; Uhl et al., 2005; Schneider et al., 2006). Os LEDs são constituídos de 
materiais semicondutores que determinam o tipo de luz emitida (Leonard et al., 
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2002; Bennett & Watts, 2004). Cada material semicondutor apresenta uma faixa 
de energia que determina o espectro de emissão da luz, caracterizando a cor da 
luz emitida. Os LEDs emitem luz azul para a fotoativação de compósitos 
odontológicos. A utilização dos LEDs se justifica pelo fato destes possuírem longo 
tempo de vida útil (acima de 10.000 horas), pouca degradação com o passar do 
tempo e não necessitarem de filtros especiais devido ao estreito espectro de 
comprimento de onda emitido, que na maioria das vezes coincide com o pico de 
absorção da canforoquinona ~ 470 nm (Leonard et al., 2002; Uhl et al., 2005; 
Schneider et al., 2006). 
 
A despeito dos LEDs emitirem uma luz centralizada nos comprimentos 
de onda entre 450 e 490 nm, alguns sistemas de LEDs foram criados para 
emitirem radiação na região abaixo de 410 nm para ativar os iniciadores, ou co-
iniciadores, que absorvem luz nesta região, além da já emitida entre 450 – 490 nm 
(Price et al., 2005; Arikawa et al., 2009). Dessa forma, esses novos LEDs podem 
ser boas alternativas para a ativação de fotoiniciadores que absorvem luz em 
comprimentos de onda na região UV-Vis. 
         
Devido ao uso do PPD em compósitos atuais com o propósito de uma 
matriz resinosa mais clara e até para o aumento da reatividade do sistema de 
iniciação, a análise do comportamento do PPD em comparação a CQ, quando 
diferentes fontes de luz são utilizadas para a fotoativação são necessários. Pois 
CQ e PPD possuem diferenças tanto do espectro de absorção de luz, quanto no 
mecanismo através do qual as moléculas excitadas reagem (Park et al., 1999; Sun 
& Chae, 2000; Arikawa et al., 2009; Schneider et al., 2009).  
 
Alguns estudos demonstram o potencial da utilização do fotoiniciador 
PPD para a iniciação da reação de polimerização em compósitos odontológicos 
(Park et al., 1999; Sun & Chae, 2000; Neumann et al., 2006; Schroeder, 2007; 
Schneider et al., 2009). Estes estudos alegam que, em determinadas 
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concentrações, a associação de PPD e CQ pode aumentar o grau de conversão 
dos compósitos odontológicos através de um efeito sinérgico entre esses dois 
fotoiniciadores (Park et al., 1999). Essa característica pode ser importante, pois o 
grau de conversão pode determinar as propriedades físicas e mecânicas do 
material. Uma inadequada polimerização resulta em propriedades físico-
mecânicas e biológicas inferiores, tais como, baixa resistência ao desgaste, baixa 
estabilidade de cor, reações adversas do tecido pulpar, aumento da taxa de 
sorção em água, solubilidade, e conseqüentemente, cárie secundária e falha 
prematura da restauração (Rueggeberg et al., 1997; Soh & Yap, 2004).  
 
Além disso, outros autores alegam que o PPD poderia levar a 
resultados de grau de conversão semelhantes ao da CQ, porém por meio de uma 
reação de polimerização mais lenta (Emami e Soderholm, 2005; Schneider et al., 
2009). Isso poderia diminuir a taxa de geração de tensão de contração do 
compósito e resultar em melhor união entre dente/restauração, devido a melhor 
preservação da união (Brandt et al., 2008). Porém, apesar de ser um fato muito 
controverso, essa reação de polimerização mais lenta, poderia diminuir algumas 
propriedades dos compósitos, pois geraria um polímero mais linear, e 
conseqüentemente, com menor densidade de ligações cruzadas. Isso poderia 
ocasionar o aumento do desgaste e degradação da restauração em compósito no 
ambiente bucal. Polímeros com uma alta densidade de ligações cruzadas podem 
ser vantajosos não só do ponto de vista de certas propriedades mecânicas, mas 
também por serem menos susceptíveis ao amolecimento ou plastificação por 
substâncias presentes nos alimentos ou pela ação enzimática (Asmussen e 
Peutzfeldt, 2001; Brandt et al., 2008).  
  
Assim, o presente estudo teve por objetivo analisar os espectros de 
emissão dos aparelhos fotoativadores e absorção das moléculas fotoiniciadoras, e 
sua relação com o grau de conversão, propriedades térmicas, físicas e mecânicas 
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O presente trabalho é apresentado no formato alternativo de tese de acordo com as normas 
estabelecidas pela deliberação 002/06 da Comissão Central de Pós-Graduação da Universidade 
Estadual de Campinas. O artigo referente ao Capítulo 1 desta tese foi submetido e aceito no 




Effect of different photo-initiators and light curing units on degree of 
conversion of composites 
 




The aim of this study was to evaluate: (i) the light absorption of photo-
initiators and light emission spectra of light curing units (LCUs); and (ii) the degree 
of conversion (DC) of experimental composites formulated with different photo-
initiators when activated by different LCUs. Blends of BisGMA, UDMA, BisEMA 
and TEGDMA with camphorquinone (CQ) and/ or 1-phenyl-1,2-propanedione 
(PPD) were prepared. Dimethylaminoethyl methacrylate (DMAEMA) was used as 
co-initiator. Each mixture was loaded with 65 wt% of silanated filler particles. One 
quartz-tungsten- halogen – QTH (XL 2500, 3M/ESPE) and two light-emitting diode 
(LED) LCUs (UltraBlue IS, DMC and UltraLume LED 5, Ultradent) were used for 
activation procedures. Irradiance (mW/cm2) was calculated by the ratio of the 
output power by the area of the tip, and spectral distribution with a spectrometer 
(USB 2000). The absorption curve of each photo-initiator was determined using a 
spectrophotometer (Varian Cary 5G). DC was assessed by Fourier transformed 
infra-red spectroscopy. Data were submitted to two-way ANOVA and Tukey’s test 
(5%). No significant difference was found for DC values when using LED LCUs 
regardless of the photo-initiator type. However, PPD showed significantly lower DC 
values than composites with CQ when irradiated with QTH. PPD produced DC 
values similar to those of CQ, but it was dependent on the LCU type. 
Descriptors: Composite resins; Dental curing lights; Dental materials. 
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Introduction  
Since the introduction of visible-light activated composites 
camphorquinone (CQ) has been widespread used as the mainly photo-initiator 
molecule.1,2 However, CQ is a solid yellow compound and large amounts of it in 
resin formulations might lead to undesirable yellowing, which affects the final 
esthetic appearance of the cured material.3-5 Thus, researchers have tested 
different photo-initiators in the organic matrix to substitute, or act synergistically 
with CQ.4,6-8 
The 1-Phenyl-1,2- Propanedione (PPD) has been suggested as a way 
to improve the polymerization kinetics and to reduce the “yellowing effect” of the  
photo-initiator. The absorption peak of this molecule is mainly in the near UV-Vis 
region and extends slightly into the visible region.9 However, many LCUs are 
available on the market and each one emits light in different regions of the 
spectrum. Therefore, there could not be a suitable correlation between the 
absorption spectra of the photo-initiators and the emission spectrum of the LCUs. 
Quartz-tungsten-halogen (QTH) LCUs have several drawbacks when compared 
with the light-emitting diodes (LEDs),10 such as relatively shorter efficient working 
life span; heat production and filters degradation with time.  However, due to the 
narrow emission spectrum by second generation LEDs, some photo-initiators 
present in composites might not be activated. Therefore, LEDs that emit wider 
spectrum have been developed.11 
Due to the lack of outcomes regarding the use of different photo-initiator 
systems combined with different LCUs, it is necessary to evaluate the effect of 
these factors on the resultant polymer properties. Therefore, the specific aims of 
this study were: 
i) to evaluate the absorption of photo-initiators and 
emission spectra of light curing units; and 
ii) to evaluate the degree of conversion (DC), which 
determines the  final properties of composites;12 of experimental 
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composites with different photo-initiators, photo-activated by LEDs 
and QTH. 
The hypotheses tested were that: 
i) PPD could produce polymers with DC values 
similar to those produced by CQ, regardless of the LCU tested;  
ii) the use of LED with wider emission spectrum  
generates the highest DC values regardless of the photo-initiator 
type; and 
iii) the association PPD/CQ could produce polymers 
with higher DC than that of each photo-initiator by itself, regardless 
of the LCU tested. 
 
Materials and Methods 
Resin preparation 
Three experimental composite formulations were tested in this study. 
The resin matrix for all formulations consisted of a combination of bisphenol 
glycidyl methacrylate – 29.0 wt% (BisGMA – Sigma-Aldrich Inc, St Louis, MO, 
USA), urethane dimethacrylate – 32.5 wt% (UDMA - Sigma-Aldrich Inc, St Louis, 
MO, USA), bisphenol ethoxylate dimethacrylate – 32.5 wt% (BisEMA - Sigma-
Aldrich Inc, St Louis, MO, USA) and triethyleneglycol dimethacrylate – 6.0 wt% 
(TEGDMA - Sigma-Aldrich Inc, St Louis, MO, USA). Composites were loaded with 
65 wt% silanated filler (20 wt% silica with 0.04 μm and 80 wt% Ba-Al-silicate glass 
with 0.5 um – FGM, Joinville, SC, Brazil).  
The only difference among the composites was the photo-initiator 
system (Camphorquinone – CQ or 1-Phenyl-1,2-Propanedione; Sigma-Aldrich Inc, 
St Louis, MO, USA), whereas dimethylaminoethyl methacrylate (DMAEMA - 
Sigma-Aldrich Inc, St Louis, MO, USA) was always used as co-initiator. Therefore, 
the following photo-initiator systems were tested:  
a) CQ (0.4 wt%) and DMAEMA (0.8 wt%); 
b) PPD (0.4 wt%) and DMAEMA (0.8 wt%); and  
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c) CQ (0.2 wt%) + PPD (0.2 wt%) and DMAEMA (0.8 wt%). 
 
Light curing units  
Table 1 gives details of the LCUs used in the study. The diameter of the 
LCU tips was standardized at 7 mm by using a black cover with circular hole in the 
middle. Subsequently, the output power (mW) of each LCU was measured with a 
calibrated power meter (Ophir Optronics, Har-Hotzvim, Jerusalem, Israel). Thus, 
the light irradiance (mW/cm²) was determined by dividing the output power by the 
tip area.  
 
Table 1. LCUs used in the study 





























LED 11x7* 1315 35.5 27 
* Dimension on the sides 
Spectral distributions were obtained by using a calibrated spectrometer 
(USB2000, Ocean Optics, Dunedin, FL, USA). The irradiance and the spectral 
distribution data were integrated using the Origin 6.0 software (OriginLab 
Northampton, MA, USA). 
All LCUs were analyzed with the standardization of the tip, for the 
complete certainty that the black cover would not affect the quality of light 






The photo-initiators CQ (Sigma-Aldrich Inc, St Louis, MO, USA) and 
PPD (Sigma-Aldrich Inc, St Louis, MO, USA) were used as received. Absorption 
spectra were determined using a UV-Vis spectrophotometer (Varian Cary 5G, 
Sidney, New South Wales, Australia). Only the visible and near UV range was of 
interest (350-550 nm), as this range reflects the emission of most LCUs. 
Absorption spectra were recorded for each photo-initiator separately (CQ and 
PPD). 
 
Degree of conversion 
The composite prepared for FTIR spectroscopy analysis (Bomem, 
model MB-102, Montreal, Quebec, Canada) was applied in a circular mold (7 mm 
inner diameter and 1 mm height), and photo-activated. Photo-activation was 
performed using different times to maintain the radiant exposure (Table 1). Three 
specimens for each group were analyzed. 
After 24 h, at 37°C and light protected, each specimen was finely 
pulverized by using a hard tissue-grinding machine (Marconi, model MA590, 
Piracicaba, SP, Brazil). After that, 10 mg of the ground powder was mixed with 100 
mg of KBr (Aldrich, Milwaukee, WI, USA) powder salt. This mixture was placed into 
a pelleting device (Aldrich, Milwaukee, WI, USA) and then pressed in a hydraulic 
press (Carver Laboratory Press, model 3648, Wabash, St Morris, USA) with a load 
of 8 tons to obtain a pellet. This pellet was then placed in a holder attachment 
within the spectrophotometer (Bomem, model MB-102, Montreal, Quebec, 
Canada) for analysis. The uncured composite was analyzed using a metal 
siliceous window.  
The measurements were recorded in absorbance mode with a FTIR 
spectrometer (Bomem, model MB-102, Montreal, Quebec, Canada) operating 
under the following conditions: 300-4000 cm-1 wavelength; 4 cm-1 resolution; 32 
scans. The percentage of unreacted carbon–carbon double bonds (C=C) was 
determined from the ratio of absorbance intensities of aliphatic C=C (peak at 1638 
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cm-1) against the internal standard (aromatic C-C, peak at 1608 cm-1) before and 
after curing the specimen. The degree of conversion was determined by 
subtracting the % C=C from 100%. 
 
Statistical analysis  
Data was statistically evaluated using a two-way analysis of variance 
(ANOVA). Comparisons were conducted using Tukey’s test (p≤0.05).  
 
Results 
Photo-initiators and Light Curing Units 
The spectra of the photo-initiators and LCUs used in this study are 
shown in Figure 1. The UltraLume 5 showed the highest irradiance values (1315 
mW/cm²), with emission peak at 454 nm, whereas UltraBlue IS presented the 
lowest irradiance values (597 mW/cm²), with emission peak at 456 nm. XL 2500 
showed intermediary values (935 mW/cm²), with emission peak at 484 nm. The 
light absorption analysis of dental photo-initiators showed that CQ exhibited an 
absorption centered in the blue region of the light spectrum, with Absmax at 470 nm, 
while PPD initiates the curve in the UV region, with Absmax at 398 nm, its 
absorption extended into the visible region. 
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Figure 1: LCUs and photo-initiators spectra. 
 
Degree of conversion 
Table 2 shows the mean DC values of composites formulated with 
different types of photo-initiator (CQ, PPD or CQ/PPD) when photo-activated by 
the three different light curing units. DC for composites formulated with CQ and 
CQ/PPD was not dependent on the LCU used. However, UltraLume 5 LED 
promoted higher DC than XL 2500 for material containing PPD only. UltraBlue IS 
did not differ from the others. When XL 2500 was used, composite formulated with 
CQ presented higher DC than those with PPD or CQ/PPD, which did not differ 
between them. With UltraBlue IS and UltraLume 5 LCUs there were no significant 
differences among the three types of photo-initiator. 
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Table 2: Degree of conversion of resin composites formulated with different photo-
initiator types (CQ, PPD or CQ/PPD) when photo-activated by three different light 
curing units (QTH XL 2500, UltraBlue IS LED and UltraLume 5 LED).  
XL 2500 UltraBlue IS UltraLume 5 Composites with 
photoinitiators DC%           sd DC%           sd DC%              sd 
CQ 65.1 A,a 0.6 62.8 A,a 1.4 63.0 A,a 1.6 
PPD 58.8 B,b 1.8 61.6 A,ab 0.6 62.9 A,a 2.0 
CQ/PPD 61.4 B,a 2.1 60.9 A,a 1.2 62.6 A,a 0.5 
Means followed by different capital letters in the same column, and small letters in the same 
line, were significantly different (p<0.05) 
 
Discussion 
Most photo-initiators formulated for commercial dental resins consist of 
two-components:(i) the photo-initiator [typically a camphorquinone, (CQ)] which 
can absorb light directly and (ii) a co-initiator (typically an amine) that does not 
absorb light but interacts with the activated photo-initiator to generate a reactive 
free radical and initiates polymerization. CQ is a typical visible light-activated free 
radical photo-initiator with an absorbance range between 400 and 500 nm. 
However, it has some drawbacks such as low polymerization efficiency, toxicity 
and may compromise the esthetics of dental composite restorations due to the 
influence of residual, un-reacted CQ molecules.13 
PPD was chosen because it is also used in some dental composites, 
despite its light absorption peak at 398 nm. Because of the latter, PPD is a better 
UV initiator than an efficient visible light photo-initiator. Even so, he is used in 
composite resins by possessing larger extinction coefficient that CQ. Extinction 
coefficient is the probability of light absorption by a molecule.9,14 
 Both of these photo-initiators (CQ and PPD) can be used without any 
co-initiator in light curable dental composites, but to decrease their concentrations 
they are used with different co-initiators. The reason is simply that too high of a 
photo-initiator concentration affects the color of the dental composite. Therefore, to 
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enhance the photo-initiator efficiency at lower concentrations, different co-initiators 
are added.3,7,13,15 
The co-initiator (DMAEMA) was used in the proportion 2:1 (co-initiator / 
photo-initiator, respectively) in agreement with other studies that found larger 
degree of conversion values in that proportion, when DMAEMA was used with 
CQ.16-17 When the amine concentration is lower than CQ, the spontaneous collision 
of the two substances becomes difficult by the little amine readiness. In that way, 
some molecules of CQ in state triplete return to his fundamental state, reducing the 
generation of free radicals. When the amine concentration is larger than CQ, the 
production of radicals only depends on his reactivity, because the collision among 
the molecules will happen, for amine excess to exist.18 Like this, the amine was 
also used together PPD, so that it happened the comparison of the two photo-
initiators in same conditions, even if that favored CQ. Like this, PPD obtaining good 
results, it could be an alternative to CQ. 
Degree of conversion is an important parameter influencing the final 
physical and biological properties of composites.19-20 Lower conversion values may 
also result in a depletion of leachable, unreached material at the restoration 
surface, increasing the biological impact of the material.21 This study evaluated the 
emission of LCUs and the absorption spectra of photo-initiators in order to 
determine the influence of the relationship between LCUs and spectra of the photo-
initiators on the final DC of dental composites.  
According the FTIR analyses, both the LEDs were capable of activating 
the initiation process for all materials, irrespective of the photo-initiator type. 
However, when the QTH LCU was used, composite formulated with PPD produced 
a lower DC than that achieved with CQ. Consequently, the first and the second 
hypotheses were rejected, since the QTH produced lower DC values for PPD, and 
the UltraLume 5 produced the same DC values as those of the other LCUs for 
composites formulated with CQ and PPD. 
Due to UltraBlue IS to have his emission peak deviated (456 nm), he 
obtained good correlation with PPD. It might be suggested that additionally to the 
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higher output emitted by the UltraBlue IS the shift of the maximum emission to 
lower wavelengths (456 nm), will imply in a larger availability of photons in the 
higher energy absorption region of the photo-initiators, thus contributing to produce 
better conversion results than those obtained by using a conventional QTH LCU.  
Based on the spectral analyses of the LCUs, it was possible to verify 
that the light emission in wavelengths below 470 nm (which is the area where PPD 
absorbs more light), was around 472 mW/cm2 of a total of 935 mW/cm2 for XL 
2500; 466.3 mW/cm2 of a total of 497 mW/cm2 for UltraBlue IS and 1102 mW/cm2 
of a total of 1315 mW/cm² for UltraLume 5. These light irradiance values represent 
50.5%; 78.1% and 83.8%, respectively, of the total irradiance emitted from each 
LCU, showing that the LEDs emit a larger amount of light in the area of the 
spectrum where PPD absorbs light than the QTH LCU. These outcomes 
corroborate the DC results; in which higher values were produced by the LED 
LCUs than QTH for the formulation with PPD. Neumann et al 22 also found better 
correlation of spectra between PPD and a LED LCU than with a QTH LCU. 
The radiant exposure (defined as irradiance x time) of each LCU in the 
area of the spectrum below 470 nm was 17.9 J/cm²; 28 J/cm² and 29.8 J/cm² for 
XL 2500, UltraBlue IS and UltraLume 5, respectively (Figure 2). These results 
show that even when maintaining the total radiant exposure constant (in the 
present study it was maintained at approximately 35.5 J/cm²) different results will 
be found in different areas of the spectrum due to the different emission profiles of 
each LCU. Therefore, although radiant exposure has enormous importance,23 the 
correlation between the absorption spectrum of the photo-initiator and the emission 
spectrum of the LCU also plays an essential role. Previous studies show similar 
outcomes. For example, Stahl et al 24 analyzed two LCUs: a QTH and a LED, and 
found that both produced similar flexural strength and flexural modulus despite 




























Figure 2. Radiant exposure for LCUs in the better spectral regions for absorption 
photo-initiator CQ (450-490 nm) and PPD (< 470 nm). 
 
Although QTH demonstrates a wider spectrum than LED UltraBlue IS, 
the latter emits higher irradiance values than the former in the area below 470 nm. 
This implicates higher number of photons available in the area of major absorption 
by the PPD molecules, contributing to better DC results when this light is used. 
UltraLume 5 has a wide spectrum of light emission due to the presence of 
additional LEDs that emit light in the UV-Vis area (the smaller peak), with maxim 
light emission at 454 nm. 
According the results of the present study, the DC produced by the 
formulation containing CQ was not dependent on the LCU used for lighting. This is 
probably because the radiant exposure values in the 450-490 nm range, which is 
the area of major absorption by CQ,25,26 was very similar among the LCUs tested 
(20.8 J/cm²; 25.7 J/cm² and 21.1 J/cm² for XL 2500, UltraBlue IS and UltraLume 5, 
respectively) (Figure 2) 
In addition to the correlation between LCU and photo-initiator, the 
differences in the generation of free radicals can also influence the values of DC. 
Without amine co-initiators, the CQ photo-decomposes slower than PPD probably 
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due to the different mechanisms of free-radical development. For PPD, the 
photolysis of diketone leads to the cleavage of the C–C bond between the two 
carbonyl groups, resulting in two radicals. For CQ, the two carbonyl radicals are 
structurally bonded to each other and, consequently, the probability of 
recombination in CQ is greater than that in PPD.4 On the other hand, the rate of 
free-radicals development for PPD is lower than that of CQ when amine co-
initiators are added.6,27 Since the current study used an amine:photoinitiator 
proportion of the 2:1, the CQ might have been benefited. PPD could be more 
efficient than CQ in forming radical species by the photocleavage pathway, 








Figure 3 – Structure of CQ and PPD and visible light-activated free-radical 
generation pathway. 
 
It was expected that the use of CQ and PPD together might produce the 
highest DC values, since they could use different mechanisms for free radical 
formation and because their combination might produce a wider absorption profile.4 
However, the association of PPD with CQ did not produce higher DC values, but 
reduced DC when QTH was used. This result probably occurred due to the 
concentration of photo-initiator used. Park et al 4 found better results of DC when 
CQ and PPD were used in the proportion of 1:1. Although the authors used the 
same CQ:PPD ratio as in the current study, a much higher concentration was 
applied (1.8 wt%, while in this study it was 0.4 wt%). The authors reported that the 
mixture of CQ with PPD resulted in a final conversion greater than that measured 
by the same concentration of either photo-sensitizer used alone. However, the 
authors used N,N-cyanoethylmethylaniline co-initiator and a commercial halogen 
curing lamp which emits in the wavelength range 380–520 nm. Therefore, the 
synergistic effect of the CQ/PPD mixture reported by Park et al4 may be attributed 
to the use of a more reactive co-initiator and a more efficient utilization of photon 
energy due to a larger overlap of the spectral distribution of the halogen curing 
lamp used by those authors with the combined photo-sensitizer absorption spectra. 
Consequently, the third hypothesis was rejected. 
The results of this study showed that PPD has potential as an efficient 





Considering the limitations of study, the three hypotheses were rejected. 
The photo-initiator PPD produced DC values similar to those produced 
by CQ when LEDs LCUs were used. When QTH LCU was used, the composite 
resin with PPD only had DC value smaller. The use of LED with wider emission 
spectrum (UltraLume LED 5) not generated the highest DC values for the 
composite resins used, but the same DC values. The association PPD/CQ not 
produced polymers with higher DC than that of each proto-initiator by itself. 
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Can Phenyl-Propanedione influence Knoop hardness, rate of polymerization 
and bond strength of resin composite restorations? 
(artigo submetido para publicação na revista Dental Materials – Anexo 2)  
ABSTRACT 
Objectives: The aim of this study was to evaluate the degree of conversion (DC), 
rate of polymerization (Rpmax), Knoop hardness (KHN) and bond strength between 
tooth/restoration of composite resins containing different photo-initiators photo-
activated by different light-curing units (LCUs). 
Materials and methods: A mixture of BisGMA, UDMA, BisEMA and TEGDMA 
was prepared along with the following photo-initiators: camphorquinone (CQ), 
phenil-propanedione (PPD) or the association (CQ/PPD) and 65 wt% of silaneted 
filler particles. The LCUs included a halogen lamp XL 2500 and two LEDs: 
UltraBlue IS and UltraLume 5. The conversion profiles during photo-polymerization 
were investigated using near-infrared spectroscopy (NIR). Bond strength was 
evaluated using push-out test in ninety teeth with prepared cavities. Before the 
push-out test, Knoop hardness (KH) was verified in the top and at the base of the 
restorations. 
Results: PPD obtained lower RPmax values, regardless of the LCU used. It provided 
a greater bond strength than CQ when the LEDs LCUs were used. The degree of 
conversion after 40 s of irradiation was the same for all composite resins, except 
PPD photo-activated for XL 2500, which showed lower DC values than CQ and 
CQ/PPD. In the top and at the base of the restorations, PPD showed the lowest KH 
values when photo-activated with XL 2500. XL 2500 produced higher KH values 
than UltraBlue IS when used with CQ or CQ/PPD photo-initiators.  
Conclusion: Because it increased the bond strength without compromising the 
properties of composite resins when photo-activated by an LED, PPD can be used 
as an alternative photo-initiator.  




Because stress development resulting from the polymerization process 
is the major drawback of dental composite restorations, special attention has been 
given to developing techniques and materials that are able to reduce it [1]. 
Insertion of these contracting composites into bonded preparations 
induces the development of mechanical stress inside the material. The stress is 
transmitted to tooth structures via bonded interfaces. In light cured composites, the 
fast conversion induces a quick increase in composite stiffness, causing high 
shrinkage stress at the interface. Such stress may disrupt the bond between the 
composite and the cavity walls; it may even cause cohesive failure of the 
restorative material or the surrounding tooth tissue [1-3]. Many problems related to 
composite restorations can be overcome, including microleakage, marginal 
staining, secondary caries and postoperative sensitivity [4].  
In order to diminish stress development in photo-activated composites, 
specific light exposure methods have been proposed as methods for reducing the 
rate of polymerization [1-4]. In theory, stress release by viscous flow before the 
vitrification stage could be allowed to occur without compromising the final polymer 
properties [2-4]. Therefore, initial light exposure at lower irradiance values might 
lead to the formation of a reduced number of polymer growth centers, reducing the 
reaction rate and decreasing stress development due to the increased opportunity 
for resin flow before the vitrification stage [2].  
Photo-initiating systems based on camphorquinone (CQ) are the most 
widely and successfully used visible-light photo-initiators in dental restorative 
resins. Despite their high clinical acceptance, photoinitiating systems based on CQ 
and amines present some drawbacks. Although used in very small amounts (ppm), 
the yellow-colored CQ significantly influences the composite color [5-6]. As for 
amines, they are known to form byproducts during photo-reaction, which also tend 
to cause yellow to red/brown discolorations under the influence of light or heat [5]. 
Apart from the aesthetic aspect, biocompatibility ― and conversely toxicity and 
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mutagenicity ― present concerns and reservations connected with the use of 
amines compounds for dental applications [7-8].  
 Recently, it was demonstrated that the addition of the photo-initiator 
phenyl-propanedione (PPD), initially seemed to increase polymerization efficiency 
and reduce the yellowing effect provided by CQ [5-9], producing lower shrinkage 
and polymerization rates than CQ [9-12]. 
In this way, PPD can provide a good alternative as a photo-initiator. 
Reducing the yellowing of composite resins and also reducing shrinkage stress. 
Unlike CQ, the absorption peak of PPD is in the near UV region (UVA) 
and extends slightly into the visible. Therefore, it can be considered a better UV 
initiator than an efficient visible light photo-initiator. Its efficiency when used with 
different light-curing units (LCUs) for photo-activation should be studied. 
The objective of the present study was to evaluate the degree of 
conversion (DC), rate of polymerization (Rpmax), Knoop hardness (KHN) and bond 
strength between tooth/restoration of composite resins containing different photo-
initiators photo-activated by different LCUs. The hypotheses tested were as 
follows: 
(i) PPD could promote comparable DC or KHN as 
those achieved with the use of CQ alone or combined with PPD, 
but with reduced Rpmax, regardless of the LCU tested and 
(ii) PPD, by itself or combined with CQ, could 
promote higher bond strength than CQ, regardless of the LCU 
tested. 
  
2.MATERIALS AND METHODS 
2.1. Resin preparation 
Three experimental composite formulations were tested in this study. 
The resin matrix for all formulations consisted of a combination of bisphenol 
glycidyl methacrylate – 29.0 wt% (BisGMA – Sigma-Aldrich Inc, St Louis, MO, 
USA); urethane dimethacrylate – 32.5 wt% (UDMA - Sigma-Aldrich Inc, St Louis, 
 26
MO, USA); bisphenol ethoxylate dimethacrylate – 32.5 wt% (BisEMA - Sigma-
Aldrich Inc, St Louis, MO, USA); and triethyleneglycol dimethacrylate – 6.0 wt% 
(TEGDMA - Sigma-Aldrich Inc, St Louis, MO, USA). Composites were loaded with 
65 wt% silanated filler (20 wt% silica with 0.04 μm and 80 wt% Ba-Al-silicate glass 
with 0.5 um – FGM, Joinville, SC, Brazil).  
The only difference among the composites was the photo-initiator 
system: Camphorquinone (CQ) or 1-Phenyl-1,2-Propanedione (PPD) - Sigma-
Aldrich Inc, St Louis, MO, USA, whereas dimethylaminoethyl methacrylate 
(DMAEMA - Sigma-Aldrich Inc, St Louis, MO, USA) was always used as co-
initiator. Therefore, the following photo-initiator systems were tested:  
a) CQ (0.4 wt%) and DMAEMA (0.8 wt%); 
b) PPD (0.4 wt%) and DMAEMA (0.8 wt%); and  
c) CQ (0.2 wt%) + PPD (0.2 wt%) and DMAEMA (0.8 wt%). 
 
2.2. Light-Curing Units (LCUs)  
Table 1 gives details of the LCUs used in the study. Because the 
smallest diameter among the LCUs was used, the diameter of the LCU tips was 
standardized at 7 mm by using a black cover with a circular hole in the middle. 
Subsequently, the output power (mW) of each LCU was measured with a 
calibrated power meter (Ophir Optronics, Har-Hotzvim, Jerusalem, Israel). Thus, 
the light irradiance (mW/cm²) was determined by dividing the output power by the 










Table 1. LCUs used in the study 





























LED 11x7* 1315 35.5 27 
* Dimension on the sides 
 
Spectral distributions were obtained by using a calibrated spectrometer 
(USB2000, Ocean Optics, Dunedin, FL, USA). The irradiance and the spectral 
distribution data were integrated using the Origin 6.0 software (OriginLab 
Northampton, MA, USA). 
With complete certainty that the black cover would not affect the quality 
of light emission, all LCUs were analyzed with the standardization of the tip. 
Mainly, of the Ultra Lume LED 5, which possesses four accessories LEDs in the 
periphery of the tip, was used. 
 
2.3. Photo-initiators 
The photo-initiators CQ (Sigma-Aldrich Inc, St Louis, MO, USA) and 
PPD (Sigma-Aldrich Inc, St Louis, MO, USA) were used in the order they were 
received. Absorption spectra were determined using a UV-Vis spectrophotometer 
(Varian Cary 5G, Sidney, New South Wales, Australia). Only the visible and near 
UV range was of interest (350-550 nm), as this range reflects the emission of most 





2.4. Real-time infrared spectroscopy 
The real-time polymerization of the experimental resins was evaluated 
by Fourier transform infrared spectroscopy (Prestige21; Shimadzu, Columbia, MD, 
USA), using an attenuated total reflectance device composed of a horizontal ZnSe 
crystal, with a 45° mirror angle (Pike Technologies; Madison, WI, USA). A constant 
volume (10 µL) of each material was dispensed onto the crystal and photo-
activated for 40 s using each LCU (XL2500, UltraBlue IS and UltraLume 5). Three 
analyses for each group were conducted (n=3).  
The polymerization reaction was monitored in real time for 1 min using 
Happ-Genzel apodization, collecting spectra in the 1680 to 1540 cm−1 range, with a 
resolution of 8 cm−1. With this setup, one scan every second was acquired. All 
analyses were performed under controlled temperature (25±1 °C) and humidity 
(55±5%) conditions. The DC for each scan was calculated using a baseline 
technique [Rueggeberg et al., 1990], considering the intensity of C=C stretching 
vibration (peak height) at 1635 cm-1. As an internal standard, the symmetric ring 
stretching was used at 1608 cm-1, from polymerized and unpolymerized samples. 
DC was determined by subtracting the percentage of remaining aliphatic C=C from 
100%. Conversion compared to time data was plotted and Hill’s 3 parameter non-
linear regressions were used for curve fitting. As the coefficient of determination 
was greater than 0.98 for all curves, the rate of polymerization (RP) was calculated 
considering data fitting, and the maximum rate of polymerization (Rpmax) was 
recorded. 
 
2.5. Restorative Procedures 
Ninety bovine incisors were obtained, cleaned and stored in 0.5% 
chloramine-T solution at 4 ◦C, for a week. After removing the root portions, the 
buccal faces were wet-ground with 400-, 600- and 1200-grit SiC abrasive papers to 
obtain flat surfaces in dentin (A). Standardized conical cavities (approximately 
2mm top diameter×1.5mm bottom diameter×2mm  high) were then prepared, using 
#3131 diamond burs (KG Sorensen, Barueri, SP, Brazil) at high-speed, under air–
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water cooling (B and C). A custom-made preparation device allowed the cavity 
dimensions to be standardized. The burs were replaced after every five 
preparations. In order to expose the bottom surface of the cavities, the lingual 
faces were ground following the same procedure described for flattening the buccal 
aspects (D). By following these procedures, a cavity with a C-factor magnitude of 
2.2 was obtained. After applying the phosphoric acid to 37% for 15 s, the adhesive 
system Single Bond 2 (3M ESPE, St. Paul, MN, USA, lot code 8RW) was then 
applied to the cavities, according to the manufacturer’s instructions. The 
specimens were placed onto a glass slab, and the restorative procedures were 
carried out using the experimental resin composites with the different photo-
initiators, which was bulk inserted into the cavity from its wider side (E). Different 
light-curing units (LCUs) were used for the photo-activation procedures, as 
described in Table 1. For each combination of experimental resin composite and 
LCU, 10 specimens were prepared (n=10). The photo-activation was carried out 
with the light guide tip positioned directly on the restoration, which had been 
previously covered with a polyester strip.  
 
2.5.1. Hardness Assessment 
After photo-activation procedures, the specimens were stored in distilled 
water at 37°C, for 24 h. Thereafter, both the top and bottom surfaces were wet-
polished with 1200-grit SiC paper to obtain a flat surface. Knoop hardness 
measurements were taken on both surfaces using an indenter (HMV-2, Shimadzu, 
Tokyo, Japan), under a 490 N load (equivalent to 50 gf) for 15 s. Five readings 
were performed for each surface. The Knoop hardness number (KHN, Kgf/mm2) for 
each surface was recorded as the mean of the five indentations. Data were 
submitted to two-way ANOVA (experimental resin composite VS. light-curing units) 





2.5.2. Push Out Test 
The push-out test was performed in a universal testing machine (model 
4411, Instron, Canton, MA, USA). An acrylic device with a central orifice was 
adapted to the base of the machine. Each specimen was placed in the device with 
the top of its cavity against the acrylic surface. The bottom surface of the 
restoration was then loaded with a 1mm diameter cylindrical plunger, at a cross-
head speed of 0.5 mm/min until failure of the tooth-composite bonding occurred in 
the lateral walls of the cavity (F). The plunger tip was positioned so that it touched 
only the filling material, without stressing the surrounding walls. The load required 
for failure was recorded by the testing machine, along with the area of each cavity 
transformed into MPa. Data were submitted to two-way ANOVA (experimental 
resin composite VS. light-curing units) and Tukey’s test (α = 0.05). After testing, the 
fractured specimens were examined under magnification (40×). Their failure modes 
were classified as follows: adhesive failure, cohesive failure within the composite, 
or mixed failure involving adhesive, dentin and composite. Additionally, 
representative fractured specimens were coated with gold and examined by SEM 





























Figure 1. Schematic representation of the push-out test: A - Tooth crown; B - 
Preparation of the cavity at high-speed in the dental fragment with the ground 
vestibular face; C - Lateral view of the cavity; D - Lateral view of the cavity with the 
ground lingual face; E - Lateral view of the restored cavity (2.0 mm in height; 2.5 
mm of larger diameter and 2.0 mm of smaller diameter); F - Push-out test 
conducted in a universal testing machine. 
 
3.Results 
3.1. Photo-initiators and Light-Curing Units (LCUs) 
The spectra of the photo-initiators and LCUs used in this study are 
shown in Fig. 2. The UltraLume 5 showed the highest irradiance values (1315 
mW/cm²), with an emission peak at 454 nm, whereas UltraBlueIS presented the 
lowest irradiance values (597 mW/cm²), with an emission peak at 456 nm. XL 2500 
showed intermediary values (935 mW/cm²), with an emission peak at 484 nm. The 
light absorption analysis of dental photo-initiators in methyl methacrylate showed 








Absmax at 470 nm. Meanwhile, PPD initiates the curve in the UV region, with Absmax 











Figure 2. LCUs and photo-initiator spectra. (a) LCUs with PPD. (b) LCUs with CQ 
 
3.2. Degree of Conversion (DC) and Photo-polymerization kinetics  
The degree of conversion after 40 s of photo-activation is shown in 
Table 2. 
 
Table 2. Means (standard deviations) for degree of conversion (%) to the 
composite resins with different photo-initiators 
XL 2500 UltraBlue IS UltraLume 5 
Photo-initiators 
DC%           sd DC%           sd DC%              sd 
CQ 54.7 A,a 4.6 49.1 A,a 2.4 54.2 A,a 3.7 
CQ/PPD 52.9 A,a 1.0 48.0 A,a 2.9 51.9 A,a 2.0 
PPD 47.0 B,a 3.6 48.8 A,a 3.9 49.8 A,a 2.1 
Means followed by different capital letters in the same column and small letters in the same line 





After 40 s of  photo-activation, all photo-initiators showed the same DC, 
except PPD photo-activated for XL 2500, which showed lower DC means than CQ 
and CQ/PPD. 
The influence of different photo-initiators and LCUs on the 


























Figure 3. Rate of polymerization profiles of the composite resin with different 
photo-initiatiors using the LCUs XL 2500 (a), UltraBlue IS (b) and UltraLume 5 (c). 
 
Higher RPmax values were obtained with CQ; following, CQ/PPD and 
lower RPmax values were obtained with PPD when XL 2500 and UltraLume 5 were 
used for the photo-activation. UltraBlue IS produced the highest RPmax for the 
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CQ/PPD, but the kinetics of reaction was slower for this photo-initiator than CQ 
only. 
UltraBlue IS LCU produced the lowest RPmax values for all composite 
resins, except for PPD that obtained the same RPmax values when photo-activated 
with XL 2500 e UltraBlue IS. Approximately the same RPmax values were obtained 
for CQ and CQ/PPD photo-activated with XL 2500 and UltraLume 5. PPD obtained 
its highest RPmax values when photo-activated with UltraLume 5. 
 
3.3. Knoop Hardness (KHN)  
Tables 3 and 4 show the means of the Knoop hardness (KHN) in the top 
and at the base of the composite resins with different photo-initiators. 
 
Table 3. Means (standard deviations) for hardness Knoop in the top (KHN, 
Kgf/mm2) to the composite resins with different photo-initiators 
 XL 2500 UltraBlue IS UltraLume 5 
CQ 24.1 (3.2) A,a 20.5 (2.9) A,b 21.2 (3.7) A,ab 
CQ/PPD 29.2 (4.5) A,a 20.8 (3.7) A,b 21.0 (6.2) A,ab 
PPD 19.2 (1.8) B,b 24.0 (5.0) A,a 23.7 (3.2) A,a 
Means followed by different capital letters in the same column and small letters in the same line 
were significantly different (p<0.05) 
 
Table 4. Means (standard deviations) for hardness Knoop in the botton (KHN, 
Kgf/mm2) to the resin composites with different photo-initiators 
 XL 2500 UltraBlue IS UltraLume 5 
CQ 24.0 (5.8) A,a 17.9 (2.6) A,b 19.5 (5.1) A,ab 
CQ/PPD 26.1 (6,4) A,a 20.4 (3,0) A,b 22.9 (7.5) A,ab 
PPD 15.3 (2.4) B,a 17.5 (3.0) A,a 18.4 (6.8) A,a 
Means followed by different capital letters in the same column and small letters in the same line 
were significantly different (p<0.05) 
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XL 2500 LCU produced higher KHN means in the top and at the base 
when used for photo-activation of CQ and CQ/PPD, and lower KHN means for 
PPD. UltraBlue IS and UltraLume5 LCUs produced the same KHN means in the 
top and at the base for all photo-initiators. 
At the top of the restorations, PPD showed a lower KHN mean when 
photo-activated with XL 2500. At the base of the restorations, there were no 
differences when PPD was photo-activated for any LCU. At the top and base of the 
restorations, XL 2500 produced higher KHN values than UltraBlue IS when used 
with CQ or CQ/PPD photo-initiators. UltraLume 5 showed intermediate results.  
  
3.4. Push out test 
Table 5 shows the means for the Push-out test of the composite resins 
with different photo-initiators. 
 
Table 5. Means (standard deviations) for push out test (MPa) 
 XL 2500 UltraBlue IS UltraLume 5 
CQ 24.2 (13.0) A,a 17.5 (4.0) B,a 21.7 (6.9) B,a 
CQ/PPD 26.2 (8.9) A,a 19.7 (6.6) AB,a 24.8 (8.2) AB,a 
PPD 26.0 (7.0) A,a 27.1 (7.5) A,a 30.5 (8.4) A,a 
Means followed by different capital letters in the same column and small letters in the same line 
were significantly different (p<0.05) 
 
The Push-out test showed that the photo-initiator PPD produced higher 
bond strength than CQ when photo-activated with LEDs LCUs. The association 
CQ/PPD produced intermediate means of bond strength. XL 2500 didn’t produced 
differences in the bond strength among the photo-initiators used. The LCUs didn't 
produce differences, regardless of photo-initiator used. 
Figure 4 shows the percentage of failure modes produced by the 
different photo-initiators. PPD produced the largest number of mixed failures, while 
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CQ provided the largest number of adhesive failures. The association CQ/PPD 
obtained a small predominance of adhesive failures. 

















































































































Figure 5. Representative fractured specimens examined by SEM. (a) Adhesive 
failure. Note the scratch lines on dentin, caused by bur action during the cavity 
preparation procedures - 1. (b) Mixed failure involving adhesive, composite and 
dentin - 2. (c) Cohesive failure within the composite - 3: this mode was observed 
only for specimens CQ/PPD activated by UltraLume5 and PPD activated by XL 
2500 and UltraLume5. 
 
4.Discussion 
CQ has been the most commonly used photo-initiator in dental 
composites because it has a light absorption maximum at 470 nm, which matches 
well with conventional dental curing lamps. However, it has some drawbacks, such 
as low polymerization efficiency, toxicity and large amounts of CQ in resin 
formulations, which lead to undesirable photo-yellowing effects on the final 
aesthetic appearance of the cured material [5-7,13].  
The mechanism of initiation by CQ, due to its diketone grouping, 
involves the presence of a co-initiator, usually an amine-derivative. In these cases, 
after light absorption between 400 and 500 nm (maximum at 470 nm), CQ is 
promoted to an excited triplet state that interacts with an electron- or proton-donor 
molecule, like a tertiary amine, to generate free radicals. Only one active radical is 
expected, as only the a-radicals derived from the amine H-transfer are considered 





With the objective of reducing yellowing caused by CQ and amine, PPD 
has been used [5-7]. The mechanism that leads to the formation of radicals by 
photolysis of PPD is generally considered to be the cleavage of the C–C bond 
between the carbonyls [13]. Nevertheless, there is a possibility that PPD could also 
react via a co-initiator as it bears the same diketone group as camphorquinone. 
Thus, the use of PPD could reduce the concentration of CQ and amine used in the 
formulations of the composite resins. 
The co-initiator (DMAEMA) was used by a proportion of 2:1 (co-initiator / 
photo-initiator). This practice is in agreement with other studies that found higher 
DC values at that proportion, when DMAEMA was used with CQ [15-16]. When the 
amine concentration is lower than CQ, the spontaneous collision of the two 
substances becomes difficult due to a lack of amine readiness. Under those 
conditions, some CQ molecules in state triplete return to their fundamental state, 
reducing the generation of free radicals. When the amine concentration is larger 
than CQ, the production of radicals depends only on reactivity because collision 
among the molecules will happen for an excess of amine to exist [15]. Therefore, 
the amine was used together with PPD, so that two photo-initiators could be 
compared in the same conditions, even if favoring CQ. Thus, if PPD provided 
positive results, it could be considered an alternative to CQ. 
In addition to claiming the advantage of causing less yellowing, some 
studies have shown that PPD produces a lower rate of polymerization without 
affecting the final DC compared to CQ containing formulations [9-12]. It has been 
suggested that the lower rate of polymerization may affect polymerization stress 
development [10-11]. 
The findings this study showed that PPD reacted more slowly than CQ 
without compromising the final DC when photo-activated with LEDs, exactly as 
pointed out by the studies mentioned previously. Only when PPD was photo-
activated with a halogen lamp (QTH) did it produce lower DC and KHN values. 
These results are in agreement with previous studies that showed that the LEDs 
used in this study emit a higher amount of light than the XL 2500 LCU in the area 
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of the spectrum where PPD absorbs light. Consequently, the first hypothesis was 
rejected. 
The output from the QTH is a better match with CQ than with PPD. As 
the emission spectrum of QTH is broader than the LED UltraBlue IS, it could 
produce higher DC and KNH values. However, UltraBlue IS produced the same 
DC and KHN values for PPD and CQ. QTH produced lower DC and KNH values 
for PPD than it did for CQ. It might be suggested that the shift of the maximum 
emission to lower wavelengths (456 nm) would imply a larger availability of 
photons in the higher energy absorption region of the PPD [8,13]. Thus, it may 
contribute to producing better DC and KHN results, and improve those obtained 
using a conventional QTH LCU. 
In addition, the push-out test showed that composite resins with PPD, 
when photo-activated with LEDs LCUs, can increase the bond strength between 
tooth/restoration. However, when QTH was used for photo-activation, no difference 
of bond strength was found among the photo-initiators. Because of this finding, the 
second hypothesis also was rejected. The higher bond strength values obtained by 
PPD when photo-activated by LEDs suggest that PPD-containing resins remain in 
their viscous stage for a longer time during curing; such a delay may allow for more 
plastic flow during initial curing. An increase in plastic flow during this time period 
could decrease initial shrinkage stress development in interface bonded between 
tooth/restoration [2].  
The outcomes of the failure analysis corroborate with the results 
observed in the push-out in terms of hardness and degree of conversion. For CQ, 
the most common failure observed was adhesive failure. This finding is probably 
related to the generation of high stress, leading to a disruption of bonding to the 
cavity walls. For PPD, the most common failure observed was the mixed failure 
though cohesive failures were observed as well. This finding shows major 
preservation between the restoration and the cavity walls when the photo-initiator 
PPD was used [1-3].   
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Conversely, although photo-activation with QTH decreased reaction 
kinetics and probably also decreased the resulting shrinkage stress, the lower 
degree of conversion observed in the DC analysis, and the lower KHN means in 
the top and bottom layers as observed in the hardness assessment, most likely 
interfered with bonding between the adhesive and the restorative composite. In this 
particular case, the higher C-factor could lead to a generation of higher stress and 
this factor, in association to the poor bonding between adhesive and composite, 
could have triggered an initial debonding. 
The light spectrum distribution and its relation with the absorption peak 
of the photo-initiators are important factors to consider. The spectral distribution of 
the light generated by the three LCUs and the absorption spectra of CQ and PPD 
can partially explain the cure behavior. As seen in Figure 2, the peak intensities are 
different as a function of the wavelengths of the two photo-initiators. The halogen 
lamp (QTH) and LED UltraLume 5 also had a broader spectral distribution than the 
LED UltraBlue IS. The PPD has an absorption peak at 398 nm, but it continues to 
absorb some light almost up to 500 nm. Because of the lower absorption ability of 
PPD in the ranges where the three lamps have their light emission peaks, the 
probability for photo-initiation of PPD is lower than it is for CQ; because CQ has an 
absorption peak at 470 nm, it is more favorable for lamps with emission peaks in 
the range of 454 to 484 nm [8-9,13].  
Thus, without considering the spectral distribution of the light source and 
the light absorption ability of the photo-initiator, one cannot properly explain the 
cure behavior of the photo-initiators. The PPD molecule had a high molar extinction 
coefficient, which is defined as the absorption per unit length divided by the molar 
photo-initiator concentration of the solution [8]. However, as previously mentioned, 
if the LCU does not emit sufficient light in wavelengths that are absorbed by the 
photo-initiator, then the polymerization rate may be affected [13,17]. 
As previously mentioned, this phenomenon also can be explained by the 
photochemistry of each photo-initiator. Although it seems that the major 
mechanism of free radical formation by the photolysis of PPD is the cleavage of the 
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C–C bond between the two carbonyls [13], the possibility that PPD reacts with a 
co-initiator also has to be considered. However, based on the lower Rpmax observed 
in this study for the groups where PPD was present, it can be speculated that the 
interaction between CQ and DMAEMA was more efficient than that resulting from 
PPD, as demonstrated in other studies [8,11,18]. 
LCUs didn't produce differences in DC and bond strength values, but it 
produced differences in the KHN values. It has been suggested previously that the 
micro-hardness would be sensitive to even small changes in conversion that 
otherwise do not show any statistical difference [18-19]. 
As reported in many research articles, stresses that develop in bonded 
resin composite are closely related to the conversion of the double bonds [20-21]. 
When composite resins are cured, a high degree of conversion is needed to 
optimize wear resistance, but conversion increases the final contraction. In the 
present study, the conversion of resins containing different photo-initiators reveals 
that it is possible to control the polymerization rate and increase the bond strength 
while still achieving a high final degree of conversion. 
 
5.Conclusion 
Considering the limitations of study, the two hypotheses were rejected. 
Because PPD produced similar DC values and KHN means with a 
reduced Rpmax and higher bond strength than CQ when photo-activated with LEDs 
LCUs, we generally could confirm the hypotheses of the study. But the type of LCU 
was decisive for the results: When photo-activated with the halogen lamp (XL 
2500), PPD produced lower DC values and KHN means along with the same bond 
strength as CQ. 
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Thermal and mechanical properties of composite resins with different photo-
initiators photoactivated by halogen lamp and LEDs 
(artigo submetido para publicação na revista Dental Materials – Anexo 3)  
 
ABSTRACT 
Objectives: The aim of this study was to evaluate the thermal and mechanical 
properties of the composite resins containing the photo-initiators camphorquinone 
(CQ) and/or phenyl propanodione (PPD) when photoactivated with halogen lamp 
(XL 2500/3M-ESPE), second (UltraBlue IS/DMC) and third generation (UltraLume 
5/Ultradent) of LEDs. 
Materials and methods: A blend of BisGMA, UDMA, BisEMA and TEGDMA was 
prepared with the photo-initiators CQ and/or PPD and 65 wt% of silaneted filler 
particles. Compression strength (CS), diametral tensile strength (DTS) and 
diametral modulus (DM) were tested. Thermogravimetric analysis (TGA) was made 
and the weight percent filler and the lost residual monomer were verified. Dynamic 
mechanical analysis (DMA) was used for to analyze the glass transition 
temperature (Tg) and the storage modulus in 37°C. Degree of conversion (DC) 
was accomplished in the same samples of DMA.  
Results: CQ, CQ/PPD and PPD obtained the same results for all mechanical 
properties (CS, DTS and DM), weight percent filler, lost residual monomer and 
storage modulus in 37°C, regardless LCU used. The results of Tg showed that the 
combination PPD – UltraLume 5 produced the highest values. DC showed that the 
combination CQ – UltraLume 5 resulted in the highest values and PPD - XL 2500 
in the lowest DC values. 
Conclusion: The study shows that PPD is not only effective photosensitizers, but 
also photocrosslinking agents for dental composite resins with a similar efficiency 
to CQ. 
Keywords: Photo-initiator, photoactivation, dental resins and composites, cross-
link density, glass transition temperature. 
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1. Introduction 
It has been widely reported that halogen light-curing units have several 
drawbacks such as a limited effective lifetime and a large quantity of heat produced 
during the operating cycles [1-2]. To overcome the problems inherent to halogen 
lamps, light-emitting diode (LED) technology has been proposed and several 
studies of its application to cure light-activated dental resins have been reported [1-
3]. Although these studies show the potential of LED technology for the 
polymerization of CQ-containing resins, it is important to assess LED performance 
in formulations prepared with alternative photo-initiators [4-6]. 
More recently, manufacturers included different photo-initiators in the 
organic matrix of composite resin to act alone, or synergistically, with CQ. 
Compounds derived from acylphosphine oxides (MAPO and BAPO) and a-
diketones (PPD) were used in adhesives and composite resin formulations to 
improve the polymerization kinetics and lessen the photoyellowing effects [7-9]. 
Unlike CQ, the absorption peak of these compounds is in the near UV region 
(UVA) and extends slightly into the visible [4-5]. The generation of free radicals 
from these compounds could not be very efficient using LED sources, which do not 
have a high emission intensity in that region, but it could be significantly improved 
when the broad band emission of a quartz–tungsten–halogen (QTH) light-curing 
unit is used [6]. 
A good match between the absorption spectrum of the photo-initiator 
and emission spectrum of the light source is critical to the efficient excitation of 
molecules photo-initiators [10-12]. 
The photo-initiator phenyl-propanedione (PPD) has shown promising 
results as an alternative system for light-activation of dental resins. Besides the 
claimed advantage of less yellowing [13-14], PPD produces a lower rate of 
polymerization without affecting the final DC compared to CQ containing 
formulations [6,15-16]. It has been suggested that the lower rate of polymerization 
produced by PPD may affect polymerization stress development [6,16], but this is a 
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matter of controversy. The polymer formed at lower rates has been suggested to 
be more linear, although there is no consensus on this matter [17-18]. 
The lower rate of polymerization could decrease the cross-link density, 
resulting in greater softening in solvents [17-18] and/or lower final elastic modulus 
[19]. Polymers with a high cross-link density may be advantageous not only from 
the point of view of certain mechanical properties, but also by being much less 
susceptible to the softening of food substances and to enzymatic attack [17-18]. 
The objective of the present study was to evaluate the properties of the 
composite resins containing the photo-initiators CQ and/or PPD when photo-
activated with halogen lamp, second and third generation of LEDs, through the 
degree of conversion (DC), mechanical tests and thermal analysis that can show 
the temperature of glass transition (Tg) and differences in the cross-link density 
[20-21]. The hypothesis was that PPD, in comparison to CQ, can produce a 
polymer with lower Tg, lower cross-link density, and consequently, reduced 
mechanical properties when photo-activated with halogen lamp and second 
generation of LED, but the same mechanical properties when photo-activated with 
the third generation of LED. 
 
2. Materials and methods 
2.1. Resin preparation 
Three experimental composite formulations were tested in this study. 
The resin matrix for all formulations consisted of a combination of bisphenol 
glycidyl methacrylate – 29.0 wt% (BisGMA – Sigma-Aldrich Inc, St Louis, MO, 
USA); urethane dimethacrylate – 32.5 wt% (UDMA - Sigma-Aldrich Inc, St Louis, 
MO, USA); bisphenol ethoxylate dimethacrylate – 32.5 wt% (BisEMA - Sigma-
Aldrich Inc, St Louis, MO, USA); and triethyleneglycol dimethacrylate – 6.0 wt% 
(TEGDMA - Sigma-Aldrich Inc, St Louis, MO, USA). Composites were loaded with 
65 wt% silanated filler (20 wt% silica with 0.04 μm and 80 wt% Ba-Al-silicate glass 
with 0.5 um – FGM, Joinville, SC, Brazil).  
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The only difference among the composites was the photo-initiator 
system: Camphorquinone (CQ) or 1-Phenyl-1,2-Propanedione (PPD) - Sigma-
Aldrich Inc, St Louis, MO, USA, whereas dimethylaminoethyl methacrylate 
(DMAEMA - Sigma-Aldrich Inc, St Louis, MO, USA) was always used as co-
initiator. Therefore, the following photo-initiator systems were tested:  
a) CQ (0.4 wt%) and DMAEMA (0.8 wt%); 
b) PPD (0.4 wt%) and DMAEMA (0.8 wt%); and  
c) CQ (0.2 wt%) + PPD (0.2 wt%) and DMAEMA (0.8 wt%). 
 
2.2. Light-Curing Units (LCUs)  
Table 1 gives details of the LCUs used in the study. Because the 
smallest diameter among the LCUs was used, the diameter of the LCU tips was 
standardized at 7 mm by using a black cover with a circular hole in the middle. 
Subsequently, the output power (mW) of each LCU was measured with a 
calibrated power meter (Ophir Optronics, Har-Hotzvim, Jerusalem, Israel). Thus, 
the light irradiance (mW/cm²) was determined by dividing the output power by the 
tip area.  
 
Table 1. LCUs used in the study 





























LED 11x7* 1315 35.5 27 
* Dimension on the sides 
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Spectral distributions were obtained by using a calibrated spectrometer 
(USB2000, Ocean Optics, Dunedin, FL, USA). The irradiance and the spectral 
distribution data were integrated using the Origin 6.0 software (OriginLab 
Northampton, MA, USA). 
With complete certainty that the black cover would not affect the quality 
of light emission, all LCUs were analyzed with the standardization of the tip. 
Mainly, of the Ultra Lume LED 5, which possesses four accessories LEDs in the 
periphery of the tip, was used. 
 
2.3. Photo-initiators 
The photo-initiators CQ (Sigma-Aldrich Inc, St Louis, MO, USA) and 
PPD (Sigma-Aldrich Inc, St Louis, MO, USA) were used in the order they were 
received. Absorption spectra were determined using a UV-Vis spectrophotometer 
(Varian Cary 5G, Sidney, New South Wales, Australia). Only the visible and near 
UV range was of interest (350-550nm), as this range reflects the emission of most 
LCUs. Absorption spectra were recorded for each photo-initiator separately (CQ 
and PPD). 
 
2.4. Compression strength (CS), diametral tensile strength (DTS) and 
diametral modulus (DM) 
Cylindrical elastomer molds (2 mm inner diameter x 4 mm thick for CS 
and 4 mm inner diameter x 2 mm thick for DTS) were used for the preparation of 
specimens. The mould was kept on a transparent strip on a glass plate. The 
composite resin was packed into the mold and a second transparent strip was kept 
on top and covered with a second glass plate. The mold and strip of film between 
the glass plates were pressed to displace excess material. The plates were 
removed and the composite resin was exposed to visible light by the pre-
determined time using different times to maintain the radiant exposure on both 
sides for CS and only a side for DTS through the transparent sheet. The cured 
samples were removed from the mold and kept at 37°C, dry for 24 h before testing. 
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CS and DTS were determined using a Universal Testing Machine (DL500 – EMIC, 
São José dos Pinhais, PR, Brazil) with a crosshead speed of 0.5 mm/min. The load 
at which break occurs was noted and CS and DTS were calculated. Mean and 
standard deviation of seven specimens (n=7) of each group were calculated. 
A chart plotter recorded the stress deformation profile during the DTS 
test. Diametral modulus (DM) was calculated in MPa from the linear-elastic range, 
considering the change in force per unit change in deflection of the specimen. 
 
2.5. Thermogravimetric analysis (TGA) 
The composite resin prepared for Thermogravimetric analysis - TGA 
(model TGA-50, Shimadzu) was applied in a circular mold (7 mm inner diameter 
and 1 mm height), and photo-activated. Photo-activation was performed using 
different times to maintain the radiant exposure. Three specimens (n=3) for each 
group were prepared. 
After 24 h, at 37°C, dry and light protected, each specimen was finely 
pulverized by using a hard tissue-grinding machine (Marconi, model MA590, 
Piracicaba, SP, Brazil). After that, 10 mg of the ground powder were used and the 
weight percent filler and the lost residual monomer in each light-cured product 
were determined. The specimen was heated at 20°C/min from room temperature to 
800°C using room air purge. Specimen mass following 800°C exposure was 
considered to be the weight proportion filler, as all organic material would have 
been consumed. The weight proportion of total volatile component ("organic 
phase") was determined by subtraction of filler proportion from 100%. Specimen 
mass following 150°C exposure was considered to be the lost residual monomer 
weight proportion filler. Weight loss data at 150°C were collected and divided by 
the total percent volatile content to provide a record of the weight loss profile of 





2.6. Dynamic mechanical analysis (DMA) 
The visco-elastic properties of the polymerized composite resins were 
characterized using dynamic mechanical analysis (DMA) 2980 (TA Instruments, 
New Castle, DE, USA) with a three-point bending clamp. Four specimens (n=4) of 
each group with 1.0X5.0X21.0 mm were made and photoactivated in three areas 
starting from the center, with each area involving a third of the specimen, using 
different times to maintain the radiant exposure. Immediately after the making of 
the specimens, the degree of conversion (DC) was measured using near infrared 
(NIR) spectroscopy through nondestructive method (Spectrum 100 - PerkinElmer, 
Shelton, USA). In DMA, a sinusoidal stress is applied and the resultant strain is 
measured. The properties measured under this oscillating loading are storage 
modulus, loss modulus, and tan δ. The storage modulus (E’) represents the 
stiffness of a visco-elastic material and is proportional to the energy stored during a 
loading cycle. The loss modulus (E”) is related to the amount of energy lost due to 
viscous flow. The ratio of loss (E”) to storage modulus (E’) is referred to as the 
mechanical damping, or tan δ. For the DMA test, the temperature varied from -130 
to 200°C with a ramping rate of 3°C/min at a frequency of 1 Hz. No preheating 
cycle was applied, and the storage modulus and tan δ were recorded as a function 
of temperature. The tan δ value goes through a maximum as the polymer 
undergoes the transition from the glassy to the rubbery state. The glass transition 
temperature (Tg) was determined as the position of the maximum on the tan δ 
versus temperature plot. 
 
2.7. Statistical analysis  
All dates were statistically evaluated using a two-way analysis of 









3.1. Photo-initiators and Light-Curing Units (LCUs) 
The spectra of the photo-initiators and LCUs used in this study are 
shown in Fig. 2. The UltraLume 5 showed the highest irradiance values (1315 
mW/cm²), with an emission peak at 454 nm, whereas UltraBlueIS presented the 
lowest irradiance values (597 mW/cm²), with an emission peak at 456 nm. XL 2500 
showed intermediary values (935 mW/cm²), with an emission peak at 484 nm. The 
light absorption analysis of dental photo-initiators in methyl methacrylate showed 
that CQ exhibited absorption centered in the blue region of the light spectrum, with 
Absmax at 470 nm. Meanwhile, PPD initiates the curve in the UV region, with Absmax 


















Figure 1: LCUs and photo-initiators spectra. (a) Photo-initiators with XL 2500. (b) 
Photo-initiators with UltraBlue IS. (c) Photo-initiators with UltraLume 5. 
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3.2. Thermal and mechanical properties 
Table 2 shows the means of the CS, DTS and DM (MPa) of the 
composite resins with different photo-initiators photoactivated by different LCUs. 
No difference was found in the mechanical properties among the composites, 
regardless of the LCU used for the photoactivation. 
 
Table 2. Means (standard deviations) for Compression Strength (CS), Diametral 
Tensile Strength (DTS) and Diametral Modulus (DM) – MPa 
 CQ CQ/PPD PPD 
XL 2500 299.0 (90.6) A,a 350.9 (31.5) A,a 347.1 (17.8) A,a
UltraBlueIS 287.0 (47.0) A,a 285.0 (32.4) A,a 326.8 (69.4) A,aCS 
UltraLume 5 281.1 (71.1) A,a 279.8 (79.1) A,a 309.3 (38.3) A,a
XL 2500 49.5 (8.3) A,a 53.8 (5.6) A,a 51.0 (6.0) A,a 
UltraBlueIS 46.4 (4.6) A,a 48.9 (4.9) A,a 50.7 (3.7) A,a DTS 
UltraLume 5 46.3 (3.2) A,a 48.4 (4.8) A,a 48.6 (6.2) A,a 
XL 2500 321.9 (40.5) A,a 308.0 (41.4) A,a 331.8 (33.7) A,a
UltraBlueIS 308.7 (44.5) A,a 373.2 (105.5) A,a 327.2 (57.3) A,aDM 
UltraLume 5 341.5 (44.6) A,a 323.5 (38.2) A,a 306.2 (28.8) A,a
Means followed by different capital letters in the same column and small letters in the same line 
were significantly different (p<0.05) 
 
Table 3 shows the means of the filler content and residual monomer. No 
difference was found among the different photo-initiators, regardless of the LCU 








Table 3. Means - % (standard deviations) for filler content (wt%) and residual 
monomer (RM) 
 CQ CQ/PPD PPD 
XL 2500 1.9 (0.24) A,a 1.9 (0.19) A,a 1.4 (0.55) A,a 
UltraBlueIS 1.4 (0.31) A,a 1.6 (0.04) A,a 1.7 (0.12) A,a RM 
UltraLume 5 1.4 (0.40) A,a 2.2 (0.58) A,a 2.1 (0.59) A,a 
XL 2500 64.1 (1.7) A,a 63.4 (2.0) A,a 63.4 (0.4) A,a 
UltraBlueIS 63.7 (1.3) A,a 62.6 (1.0) A,a 62.5 (1.0) A,a Filler 
UltraLume 5 62.6 (0.3) A,a 62.3 (0.8) A,a 64.0 (0.3) A,a 
Means followed by different capital letters in the same column and small letters in the same line 
were significantly different (p<0.05) 
 
Table 4 shows the means of the glass transition temperature (Tg - °C), 
storage modulus in 37°C (MPa) obtained in DMA and degree of conversion. 
 
Table 4. Means (standard deviations) for glass transition temperature (Tg - °C), 
Storage Modulus (E’ - MPa) in 37°C and for Degree of Conversion (DC - %) 
 CQ CQ/PPD PPD 
XL 2500 103.6 (3.3) A,b 108.3 (2.0) A,ab 105.0 (1.3) A,b 
UltraBlue IS 103.1 (0.9) A,b 104.6 (0.1) A,b 105.3 (1.5) A,b Tg 
UltraLume 5 112.3 (4.9) B,a 112.3 (2.2) B,a 117.8 (5.6) A,a 
XL 2500 1999 (295) A,a 2042 (135) A,a 2110 (304) A,a 
UltraBlue IS 1889 (308) A,a 1703 (90) A,a 1745 (71) A,a E’ 
UltraLume 5 1907 (243) A,a 1679 (405) A,a 2051 (252) A,a 
XL 2500 68.6 (1.1) A,b 65.4 (0.8) B,b 61.0 (0.6) C,c 
UltraBlue IS 66.6 (1.7) A,b 66.9 (0.6) A,b 66.7 (1.8) A,b DC 
UltraLume 5 74.1 (1.4) A,a 70.1 (1.8) B,a 71.0 (3.6) B,a 
Means followed by different capital letters in the same line and small letters in the same column 
were significantly different (p<0.05) 
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The tan δ values gradually increased with temperature for all samples 














Figure 2. Representative Tan δ curves of composite resins containing different 
photo-initiators as a function of temperature. 
 
Consistent with the results of Tg, the combination PPD - UltraLume5 
produced the highest Tg values. The LCUs XL 2500 and UltraBlueIS did not 
produce differences in the Tg among the photo-initiators, while UltraLume5 
produced a polymer with higher Tg when PPD was used instead of CQ or 
CQ/PPD. UltraLume5 produced higher Tg that UltraBlueIS and XL 2500 for all 
composite resins, except for XL 2500 when used for the photoactivation of 
CQ/PPD that produced intermediate Tg values. No difference was found in the 
storage modulus in 37°C among the composite resins, regardless of the LCU used.  
Unlike the Tg values found, DC showed that the combination CQ - 
UltraLume5 obtained the highest DC values and PPD - XL 2500 the lowest DC 
values. Among the photo-initiators, UltraLume5 produced higher DC values for CQ 
than CQ/PPD and PPD. UltraBlueIS did not produce differences among the photo-
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initiators. XL 2500 produced higher DC values for CQ, followed by CQ/PPD and 
the lower DC values for PPD. CQ and CQ/PPD obtained the highest DC values 
when UltraLume5 was used for the photoactivation that when UltraBlueIS or XL 
2500 were used. PPD obtained the highest DC values when UltraLume5 was used 
for the photo-activation, following by UltraBlueIS and the lower DC values when XL 
2500 was used for the photoactivation. 
 
4. Discussion 
The main cause for the use of alternative photo-initiators, like PPD, is 
the decrease of the yellowing caused by CQ, mainly in bleaching composite resins 
[13-14]. 
For that reason, many studies were conducted with the purpose of 
evaluating the behavior of the photo-initiator PPD and, in certain cases, its possible 
substitution for CQ [4-6,11,13-16]. 
Most of those studies evaluated the color stability [13-14], DC [11,13,15-
16] and the kinetics of the polymerization reaction [6,16,22], showing that PPD was 
a promising substitute for CQ. These results, in general, showed that PPD could 
reduce the yellowing caused by CQ, while maintaining same DC through a slower 
reaction of polymerization. Thus, the slower reaction could produce less 
polymerization stress, and consequently, the preservation of the union 
tooth/restoration. Those results are in agreement with previous research. 
Some authors say that a slower reaction of polymerization can produce 
a more lineal polymer, and consequently reduce their mechanical properties [17-
19]. 
Among the tests used in most of the studies of dental resins, DC is 
frequently used; therefore it is an excellent indicator of the characteristics of a 
polymer. However, it is an initial analysis, because polymers with similar DC values 
can present different mechanical properties. 
In that way, this study evaluated the mechanical properties of the 
composite resins with the photo-initiators CQ and/or PPD photo-activated by 
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different LCUs with the hypothesis that the PPD would present composite resins 
with lower mechanical properties, because it would produce a more lineal polymer, 
and consequently, with lower cross-links density. 
Unlike the hypothesis of the study, no difference was found in the tested 
mechanical properties. This could show that due to the similarity of DC values 
between CQ and PPD in the literature [6,13,15], similar results of mechanical 
properties were also found. DTS values are more than 34 MPa, which is the 
minimum value stipulated by international standards. 
However, a previous study showed that under the same conditions as 
those in that study, the composite with PPD obtained lower DC values when 
photoactivated with XL 2500 LCU, which confirm the DC values of that study, 
where the combination PPD-XL 2500 showed the lowest DC values. Thus, with 
difficulty a polymer with lower DC values and lower cross-link density, could obtain 
similar mechanical properties values. Most studies have found that polymers with 
lower DC values and lower cross-link density present reduced mechanical 
properties [18,23,25]. 
Sun and Chae [23], analyzing alternative photo-initiators and PPD, 
observed that PPD serves not only as a photosensitizer but also as a crosslinking 
agent. Then, a possible reason for the same mechanical properties of PPD, even 
with lower DC values, compared with CQ, is that PPD may serve as a 
photocrosslinking agent. This is consistent with the results of Tg. It showed that 
PPD obtained higher Tg that CQ when photo-activated with UltraLume5 LCU. 
Then, these results reject the hypothesis of the study. 
Based on the mechanism by which initiating radicals are formed, photo-
initiators are generally divided into two classes. Norrish type I photo-initiators 
undergo a unimolecular bond cleavage upon irradiation to yield free radicals. 
Norrish type II photo-initiators undergo a bimolecular reaction where the excited 
state of the photo-initiator interacts with a second molecule (a co-initiator) to 
generate free radicals. It is worth noting that although photo-initiators are generally 
divided into these two classes (type I and type II), photochemical initiation is not 
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always clear-cut and may involve both pathways. Some ketones undergo 
homolysis by one or both fragmentation and hydrogen abstraction pathways (often 
simultaneously). The relative amounts of the fragmentation and hydrogen donation 
reactions depend on the type of initiator, which determines the relative stability of 
the radicals formed from the two reactions and on the hydrogen donor employed 
[22-24]. 
Some studies showed that in the absence of a co-initiator, PPD reacts 
more quickly and obtains higher DC values than CQ [22-23]. However, the addition 
of a co-initiator increases the kinects of reaction of polymerization and the DC 
values for both photo-initiators, with a higher increase for CQ [22-23]. In that way, 
we can consider that the main mechanism of initiation by CQ, due to its diketone 
grouping, involves the presence of a co-initiator, usually an amine-derivative. In 
these cases only one active radical is expected, as only the radicals derived from 
the amine are considered effective for polymerization initiation [5]. The mechanism 
that leads to the formation of radicals by photolysis of PPD is generally considered 
to be the cleavage of the C–C bond between the carbonyls [5]. Nevertheless, PPD 
could also react via a co-initiator as it bears the same diketone group as CQ. Then, 
the free radicals formed by the photo-cleavage of PPD, that possess smaller 
weight molars and shorter molecules, could penetrate the polimeric network and 
act as a crosslinking agent [23]. It would justify the fact that composite resins with 
the photo-initiator PPD, mainly when photo-activated with XL 2500 LCU, produced 
the same mechanical properties that the composite resins with CQ, even obtaining 
the lowest DC values. 
Because DMA offers information on the relaxation of molecular motions 
which are sensitive to structure, it can be used to provide information on the 
properties of polymer networks, such as storage modulus, glass transition 
temperature and structural heterogeneity. DMA is particularly suitable for 
determining glass transitions because the change in modulus is much more 
pronounced in DMA than, for example, the heat capacity change in a DSC 
measurement. High Tg values are generally desirable for dental restoratives, since 
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creep and distortion resulting from consuming hot fluids and foods are minimized 
with high Tg materials. The widths of the tan δ curves (Fig. 2) indicate that the 
glass transition occurs over a wide range of temperature rather than at a specific 
temperature. This broad glass transition can be attributed to the fact that the 
polymerization of multifunctional monomers produces heterogeneous networks 
containing both highly crosslinked and less densely crosslinked regions. The main 
peaks of the tan δ curve correspond to polymer main chain relaxations [21-22].  
In that study, the DC was accomplished in the same samples of DMA. 
The results of DMA showed that the storage modulus in 37°C for all groups was 
similar, regardless of the photo-initiator used; the results of Tg showed that PPD 
obtained the same or superior Tg values in the same samples where PPD showed 
lower DC values. These results indicate that Tg is influenced not only by DC, but 
also by crosslink density. We can therefore conclude that PPD serves as the 
crosslinking agent. 
Other factors that could lead to different results are the filler content and 
residual monomer. Some C=C units are present as pendant methacrylate groups, 
covaIently bonded to the polymer network, and are incapable of leaching or 
evaporating. Other C=C units are unreacted monomers, capable of leaving the 
cured material and calls of residual monomer [25]. In a restoration of composite 
resin, the smallest possible amount of residual monomer is desirable, because a 
larger amount of residual monomer may result in a depletion of leachable, 
unreacted material at the restoration surface, possibly decreasing the material 
properties at that location. This decrease in the residual monomer in the restoration 
of composite could also reduce the biological impact of leachable materials. The 
presence of unreacted component has been attributed to internal polymer 
plasticizing, leading to lower physical properties [26]. 
However, in agreement with the results of that study, the filler content 
and residual monomer for all of the tested groups were the same; this does not 
explain the difference between DC and mechanical properties and again affirms 
the potential use of the photo-initiator PPD as a crosslinking agent. 
 59
It is necessary to remember the importance of LCUs, because different 
LCUs can promote composite resins with different properties, mainly when different 
photo-initiators system are used [6-10]. In this study, no difference was found in the 
mechanical properties among the composites, regardless of the LCU used. 
However, UltraLume 5 has shown higher DC values and Tg values that the other 
LCUs used. UltraLume 5 is a third generation of LED, and possesses a high 
irradiance and accessory LEDs that emit light in the region of the spectra near UV-
Vis. Because of this, it can produce a faster reaction of polymerization than the 
other LCUs used, increasing the DC and Tg values. 
From an aesthetic and mechanical consideration, these results are 
relevant to the formulation of dental composite resins. CQ is inherently yellow; 
therefore, its concentration should be as low as possible in order to match it to 
natural teeth. Consequently, the combination of CQ with PPD could reduce the 




Considering the limitations of study, the hypotheses tested were 
rejected. 
In contrast to expectations, the photo-initiator PPD produced a polymer 
with higher cross-link density than CQ and CQ/PPD when photoactivated with 
UltraLume5, thus acting as a photocrosslinking agent. In some cases it produced 
lower DC values and similar or higher Tg values; the same mechanical properties 
of the composite resins contain the photo-initiator CQ. 
The present study shows that PPD is not only effective photosensitizers, 
but also as photocrosslinking agents for dental composite resins with a similar 
efficiency to CQ. Thus, PPD can be used as new visible light photosensitizers, and 
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Assim como os equipamentos ou as técnicas utilizadas pelos cirurgiões-
dentistas, os materiais odontológicos vêm sofrendo seguidas modificações sempre 
no intuito de diminuir os problemas ou desvantagens inerentes ao material 
antecessor. Dessa forma, tanto os compósitos odontológicos, como as fontes de 
luz utilizadas para sua fotoativação estão evoluindo (Kurachi et al., 2001; 
Asmussen e Peutzfeldt, 2002; Bennett e Watts, 2004). 
 
O uso de fotoiniciadores alternativos como o PPD, inicialmente com o 
objetivo de diminuir o amarelamento causado pela CQ em compósitos nas cores 
mais claras tem sido investigado, mas muitas dúvidas ainda permaneciam (Park et 
al., 1999; Alvim et al., 2007; Ogunyinka et al., 2007). 
 
Foi observado nesse estudo a manutenção de importantes 
propriedades mecânicas, como resistência à compressão, resistência à 
compressão diametral e módulo diametral dos compósitos contendo PPD, em 
comparação com os compósitos contendo CQ, quando qualquer fonte de luz foi 
utilizada para a fotoativação; demonstrando o potencial uso desse fotoiniciador 
como uma alternativa ao uso da CQ, quando necessário. Além disso, outras 
características como a quantidade de monômero residual ou a rigidez do 
compósito a 37°C foram mantidas, quando esses fotoiniciadores foram avaliados. 
Mas como qualquer alteração de composição pode acarretar (Allen, 1996; 
Asmussen e Peutzfeldt, 2002; Emami e Soderholm, 2005), algumas diferenças 
entre os compósitos com os fotoiniciadores CQ ou PPD foram ocasionadas, como 
as encontradas principalmente na cinética e taxa de polimerização, resistência da 
união dente/restauração, grau de conversão e temperatura de transição vítrea. 
 
Cada capítulo foi composto por um tipo de análise de grau de 
conversão. Dessa forma, diferentes valores de grau de conversão foram 
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encontrados, pois equipamentos diferentes, assim como, dimensões diferentes 
das amostras foram utilizados. 
 
Devido à menor correlação entre os espectros de emissão de luz dos 
aparelhos fotoativadores e o espectro de absorção do fotoiniciador PPD, quando 
comparado com a correlação dos aparelhos com o fotoiniciador CQ, uma reação 
de polimerização mais lenta foi verificada (Asmussen e Peutzfeldt, 2002; Emami e 
Soderholm, 2005; Schroeder et al., 2007; Schneider et al.,2009). Dessa forma, 
cabe salientar que neste estudo uma padronização alta da dose de energia (J/cm²) 
foi aplicada, a fim de garantir que toda, ou quase toda reação de polimerização 
fosse consumida.  
 
Com a enorme quantidade de aparelhos para a fotoativação e de 
compósitos odontológicos é importante que o clínico saiba qual sistema 
fotoiniciador está presente no compósito, bem como qual é o comprimento de 
onda absorvido por este sistema e o emitido pela fonte de luz. Assim, pode-se 
garantir o uso correto de tal combinação. Dessa forma, os fabricantes poderiam 
informar nos rótulos dos produtos qual o comprimento de onda absorvido pelo 
sistema fotoiniciador presente no compósito, e assim, o clínico assegurar se está 
utilizando uma fonte de luz apropriada. 
 
Esse estudo mostrou que o fotoiniciador PPD produz uma reação de 
polimerização mais lenta, além de possuir maior “afinidade” aos aparelhos de 
fotoativação LED, principalmente o LED de 3° geração UltraLume 5, ao invés do 
aparelho de lâmpada halógena XL 2500. Assim, compósitos contendo o 
fotoiniciador PPD deveriam ser ativados por maior tempo, a fim de garantir a 
completa reação de polimerização e manutenção de suas propriedades. 
 
Apesar dessa lenta velocidade de reação, maior densidade de ligações 
cruzadas e aumento da resistência da união podem ser obtidos com o uso do PPD 
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como fotoiniciador. Com relação à resistência da união, a contração de 
polimerização, e conseqüentemente, a taxa de geração de tensão de 
polimerização; ainda é uma das principais causas de falhas das restaurações. 
Assim, métodos alternativos de fotoativação e técnicas restauradoras capazes de 
minimizar a geração da tensão de contração e seus efeitos são relatados na 
literatura (Asmussen e Peutzfeldt, 2001; Alonso et al., 2006; Brandt et al., 2008). 
No entanto, a efetividade de tais métodos e técnicas está relacionada à correta 
utilização dos protocolos por parte dos profissionais. Seus resultados dependem, 
muitas vezes, da condição clínica específica de cada caso. Dessa forma, o 
desenvolvimento de materiais que apresentem reduzida contração volumétrica ou 
geração de tensão, parece ser a alternativa mais eficaz para a preservação da 
interface dente-restauração, principalmente por sua efetividade não depender 
diretamente do profissional. 
 
Os resultados do presente estudo demonstraram que a utilização do 
PPD pode aumentar a resistência da união entre dente/restauração, sem a 
necessidade de alteração do protocolo de fotoativação, o que diminui a 
probabilidade de uma eventual falha técnica, mas isso é dependente da fonte de 
luz utilizada, pois quando XL 2500 foi usado para a ativação, não existiu aumento 
da resistência da união dente/restauração. 
 
Assim, em determinados casos, como por exemplo, em restaurações 
Classe V de dentes anteriores, o uso de compósitos contendo PPD pode ser uma 
boa alternativa, pois pode melhorar a estética e aumentar a longevidade da 
restauração devido a melhor união da interface dente/restauração, desde que 
ativado por uma fonte de luz apropriada. 
 
Muitos estudos relacionam uma reação de polimerização mais lenta, a 
menores valores de densidade de ligações cruzadas (Asmussen e Peutzfeldt, 
2001; Emami e Soderholm, 2005; Brandt et al., 2008). Porém, mais importante que 
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a velocidade da reação, é a composição do material. Como o PPD atua como um 
agente de ligações cruzadas, apesar de produzir reação mais lenta, produz um 
polímero com maior densidade de ligações cruzadas. Esse aumento na densidade 
de ligações cruzadas é importante, pois pode diminuir a vulnerabilidade do 
material no ambiente bucal. Aumentando sua resistência ao desgaste e 
diminuindo a ação de produtos químicos presentes na alimentação, bem como a 
ação enzimática de enzimas presente na saliva (Asmussen e Peutzfeldt, 2001; 
Brandt et al., 2008).    
 
Assim, os resultados do presente estudo indicam o potencial da 
utilização do fotoiniciador PPD como um possível substituto à CQ, quando 
necessário. Porém, estudos verificando o desempenho do PPD em comparação à 
CQ em outras composições de matriz orgânica e concentrações de fotoiniciadores 
ou co-iniciadores deveriam ser realizados, assim como, a utilização de outros 







O fotoiniciador PPD mostrou grande potencial para a iniciação da 
reação de polimerização de compósitos dentais experimentais, principalmente 
quando fotoativado por um LED de 3° geração como o UltraLume LED 5. Em 
geral, o PPD apresentou propriedades mecânicas e valores de conversão 
monomérica semelhantes à CQ, porém com uma velocidade ou cinética de reação 
mais lenta e maiores valores de resistência de união dente/restauração, mesmo 
produzindo polímeros com maior densidade de ligações cruzadas, desde que 
fotoativado com LEDs. 
A utilização de diferentes fontes de luz pode interferir nos resultados. 
Dessa forma, quanto maior a correlação do espectro de emissão da fonte de luz e 
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Ilustração 1. Monômeros usados para o preparo do compósito experimental 

































Ilustração 2. Fotoiniciadores usados para o preparo do compósito experimental. 
Pode-se notar o amarelo mais forte da CQ. Literariamente classificados como um 
amarelo vivo – CQ e amarelo pálido – PPD 
 
Ilustração 3.Espectrofotômetro usado para aferição do espectro de emissão das 

























Ilustração 5. Fontes de luz. (a) Lâmpada halógena – XL 2500, (b) LED – 















Ilustração 6. Espectroscópios de Infravermelho Transformados de Fourier 






















Ilustração 7. Equipamentos necessários para realização do teste push-out e micro 
dureza. Máquina padronizadora de preparo, máquina de ensaio universal instron, 
dente bovino desgastado e com a cavidade preparada para restauração, teste 
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